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A gene from the bacterium Rhodothermus marinus, coding for 
the amino acid sequence of DNA*ligase, produced in 
Escherichia coli or some other suitable host organism. 



5 FIELD OF THE INVENTION 

This invention relates to a gene orriginating bcm Rhodothermus marinus and the encoded 
thennostablc DNA ligase enzyme, active over a wide range of temperatures (S-TS'^C), a unique 
property M*ich allows the enzyme to be used in cycle sequencing of l<xig DNA sequences, usoig 
OHnputer-cootiolIed automatic equipment. The enzyme can ligatc small oligomers during 
10 repeated thermal cycles, producing suitable primers for sequencing. This eUminates the need for 
time consuming subcloning procedures and primer synthesis. 



BACKGROUND OF THE INVENTION 

DNA hgases catalyze the formation of phosphodiester linkages between adjacent 5 '-phosphoryl 
5 and 3'-hydroxyl groups in double-stranded DNA. The reaction proceeds in three steps, initiated 
by the formation of a stable enzyme-(lysine-c)-adenylate coiiy)lex (for review see Lehmann, 
1974) (1). 

Various analytical methods are based cmi the use of thermostable ligases. The detection of single 
base mutations or specific nt sequaices by ligase chain reaction (LCR) (2) is well documented 

20 as is the use of repeat expansion detection (RED) for the detection of trinucleotide repeats (3), 
Of considerable potential is the use of thermostable DNA ligase in localized DNA detection by 
circularization of oligodeoxynucleotides as described by Nilson ct al. (4) and to construct 
sequencing primers from hexameric nucleotides as proposed by Szybakki (5) and Kaczorowski 
(6). This method has not yet been folly appUcable, since present commercially available DNA 

25 Ugases, do not possess flie dual pr<q)erty of being active at low temperatures and stable at high 
temperatures. The invention of such «izyme, would radically diange the concept of automatic 
sequoicing of long DNA sequences, such as entire genes or genomes. 

In search of thermostable DNA ligases, active over a wide range of temperatures, we have 
cloned the ligase gene of the Oermophilic eubacterium, Rhodothermus marinus (7). R. marinus 
30 was originally isolated from a marine alkaline hot spring in Iceland (8) and deposited in 
"Deutsdie Sammlung von Mikrooiganismen und Zellkutturen GmbH, Macheroder Weg lb, D- 
38124 Braunschweig/Germany" (strain number: DSM 4253). Analysis of 16S rRNA places it 
dose to the root of the Flexibacter-Cytophaga-Bacteroides group (9). 



35 SUMMARY OF THE INVENTION 

This invention provides a new DNA ligase enzyme, active at temperatures between 5-75^C with 
half life of 7 min. at 9{y*C. The invention constitutes the nucleotide sequence of the gaie, coding 
for the enzyme, its expression in a productive host and purification of the protein to near 
homogeneity. 

40 The prxq>erties of this enzyme make it suitable for use in the SPEL-6 method of primer walking 
(sequential primer elongation by ligation of 6-mers) initially described by Szybalski (5) and 
computer-controlled autonuitic sequencing of long DNA sequences. 



a IRCTin ITF RHFFT /Rl II F 7R\ 





WO9d/14403 



PCr/IS95/00001 



DESCRIFnON OF THE nCURES 
Fig. 1. 

Sequence of the marinus ligase gene. The sequence is given in lowercase letters and the 
dctiucfd amino acid sequence of the protein is given in capital letters aligned witfi corresponding 
5 oodons. Restriction sites for Ncol (CCATGG) and Ndel (CATATG) are underlined. A 
potential riboscmial binding site ACCAGAG 6 bp upstream of the Met codon is also underlined. 
The stcq> codm is marked with an asterisk. 



Denaturation curves of three thermostable ligases at 9rC. a: K marinus ligase. b: T. 
10 scotoductus ligase (solid curve) and T. thermophilus ligase (dashed curve). The curves were 
drawn using exponential regression. Vertical bars indicate die standard deviations of die 
measurements. 



The R. marinus and T scotoductus DNA ligase enzymes were set to react on nicked pUC19 
15 plasmid DNA at difierent temperatures, and the DNA was analysed by agarose gel 
electrophoresis. On gel A aiid the arrows point to different forms of plasniid DNA. Arrow I 
indicates supcrcoiled monomer (form I), II relaxed open circular monomer (form 11) and III 
linear plasmid (fomi m). The ligated supcrcoiled plasmid (form. I) migrates &j^r tihan |Ate 
relaxed cirinilar and liriear DNA (form II and ID) in EtdBr cc^aiiiiig aj^un^ ' / 

2 0 Gel-A: Temperature dependancy of nidc closing activity ^ 

The incubation temperatures for 2.5 finol of K marinus were as follows: ' lane 1, 5®C; lane 2, 
15<^C; lane 3. 25X; lane 4, 35^C; lane 5, 45*>C; lane 6, 55*C; lane?, and lane 8, 

75«C. 

The incubatim tonperatures for 4 finol of T. scotoductus ligase were as follows: lane 9, S^C; 
25 lane 10, 15^C; lane 11, 25X; lane 12, 35*C; lane 13, 45*C; lane 14, 55^C; lane 15, 65X; 
andlanel6, 75*C. 

Lane A represents 400 ng of pUC19 plasmid DNA, and lane B represents approximately 400 ng 
of nicked pUC19 plasmid DNA. 

GelB: Titrations of nick closing activity at dififerent temperatures . . 

30 Lanes 1-8 rqiresent R. marinus ligase incubated widi nicked pUC19 DNA at S^'C (lanes M) 
and at 15''C (lanes 5-8). Lane 1 contains 5 finol ligase; lane 2 contains 10 finol ligase; lane 3 
contains 20 finol ligase; lane 4 contains 40 finol ligase; lain 5 contains 5 finol ligase; lain 6 
contains 10 finol ligase; lain 7 contains 20 finol ligase, and lain 8 cmtains 40 finol ligase. . 

Lanes 9-16 represent T, scotoductus ligase incubated with nicked pUG19 DNA at 35X (lanes 
35 9-12) and 45^ (lanes 13-16). Lane 9 ccmtains 8 finol ligase; lane 10 contains 16 finol ligase; 
lane 1 1 contains 32 finol ligase; lane 12 contains 64 finol ligase; lane 13 contains 8 finol Ugase; 
laine 14 contains 16 finol Ugase; laine IS contains 32 finol ligase, and lane 16 contains 64 finol 
ligase. 

Lane A represents 400 ng pUC19 plasmid DNA, and lane B rqiresents sqiproximately 400 ng 
4 0 nicked pUC19 plasmid DNA. 



Fig. 2. 



Fig. 3 
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DETAILED DESCRIPTION OF THE INVENTION 

Ooning: ^ .. 

The Ugasc encoding gene was cloned into E. coU by complementation of a temperature sensitive 
(ts) mutation. Gene Ubraries were made by ligating Sau3Al partiaUy digested genomic DNA 
5 fiom the thennophUic bacterium into BamM digested pUC18 plasmids. 

complemeoting the ts mutation were selected and the presence of tbe Ugase genes confirmed by 
oomplemeatation of two additional ts Ugase mutations. Furtber proof was obtained by assaying 
nick-closing enzyme activity in heat treated cnide extracts. 

10 The cloned gene was subdoned into M13mpl8/19 and completely sequenced in both directions 
(Fig. 1). Tbe sequence tnfoimation was used to clone the gene into the high expression vector 
pETZa, using PCR and restriction enzymes. For expression we used an E. coli strain canyinga 
ts Ugase mutation and chromosomally inserted DE3 prqAage. TTie prophage contains a T7 
polymerase gene under the control of an IPTG niducible lac promoter. This setup secures high 

15 expression of Ugase. After induction with IPTG for 4 hours, ligase can niake up as much as 
13% of total oeU protein. 

Eniyme Purification: . , . . ^ « 

The OTzyme has been purified to near homogeneity using a sinq)le method relymg on beatuig at 
80°C for 30 minutes to denature most of the proteins produced, by, the host, DEAE^harose 
20 chromatography to remove contaminating nucleic adds, a pibaicrOT; ^lue cpjumn for fiu^her 
purification and^gel filtration for d e salti n g. , : . 

Eiayme eharaeteristies: 

A novel assay for ligase activity, used for measuring DNA Ugase dieimostabiUty was applied on 
the R. marinus enzyme and two other reference enzymes (Thermus thermoiMlus (Stratagene. 

25 U JoUa, CA. USA) and TTtermus scotoductus (our own clone)) at 91°C (Figs. 2a and 2b). 
DUutions of the enzymes were incubated at Pl'C in Ugase reaction buffer and aliquots talcen at 
r^ular intervals. Tbe aUquots were added to a reaction mix contaming two differentially end 
labeled primers and the complementary template. After thermal cycUng, the amount of Ugated 
doubly labeled product was assayed with ELISA. The half life of the H marinus enzyme was 

30 estimated to be 7 min. (Fig. 2a) but both the T. ihemopMlus and T. scotoductus Ugases arc 
somewhat more heat stabks, their half Uves being around 26 min. at 91»C (Fig. 2b). Our 
estimate of the half Ufe of 7. thermophihts Ugase is in agreement with the half Ufe of 30 mm. at 
WC reported by the manufacturer. 

Under our standard assay conditions for enzyme activity measurements on agarose gds (Fig. 3A 
35 and 3B), nick dosing activity (10) was detected after 15 min. incubation with 20 finol of 
wflrtnitf ligase at 5*C. whereas T. scotoductus Ugase activity could not be detected below 25 C 
under the same conditions. However, at lower concentations (approx. 2.5 finol/I). ligation was 
not detected with the R. marinus Ugase at 5«C. TTie R. marinus Ugase is suitabte for the SPEL- 
6 method of primer walking (6) and permits even cycUi« as in cycle sequencuig (Szybalski and 
40 Kaczorowski, personal communication). 

The SPEL abbreviation stands for "Sequential Primer Elongation by Ligatiai". The SPEL-6 
method of primer walking, described by Szybabky (5). represents an original stn\e& of using 
hexameric DNA of different sequences for production of primers that can be used m DNA 
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sequendng procedures. By ombininig three hexamers of selected contiguous nucleotide 
sequences, in a ligation reaction, the SPEL method provides a fiist and simple my of 
constnictiiig primers for sequencing, and eliminates the need for synthesis of individual primers. 

The key to the SPEL-6 method of primer walking, is a DNA ligase, sufficiently active at low 
5 tenq^eratures for ligation of the selected complimentary hexameres, but stable enough to survive 
subsequent thermal dissociation of produced primers fiom the template DNA. Gmsequently, 
the a marinus ligase can ideally be used in computer*controUed automatic cycle sequencing, 
incorporating a ligation stq) in each cycle. 

The SPELr6 method of primer walking eUminates the need for subcloning, permits direct 
10 sequencing of large DNA fiagmcnts, is ideally suited for automation, and should accelerate the 
sequendiig of large gqxHnes by more than one order of magnitude (6). 

Enzyme Thermastability: 

Diluticms of the R. marinus and f. scotoductus ligases were incubated at 91^0 and samples 
containing approximately 40 ng (-^ 500 finol) protein were taken at regular intervals. A novel 

15 assay based on the ligation of two end-labelled 2S-nt oligos paired to the ccHiqyIementary single- 
stranded template was used to measure the activity of the heat-treated ligase. The template used 
was.apart of the A marinus 16S rRN A gene cloned into M13mpl>9i : Two adjacent 2S-nt oligos 
complementary to a SO bp motif in the chosen templatcr wore* obtained : from Openm 
Technologies. The 3- cod of the oligo complementary to the 5* site of the tonplate was labeled 

20 with biotin and the S' end pbosphorylated (pCCAGGGCTICACACGTGCTACAATG-Bio). 
The other oligo complementary to the 3' site of the 50-iit teimiplate, was 5* labeled with 
fluorescein (Flu) (F1u-CGTCAAGTCATCATGGCCCTTAC(jC). the heat-treated ligases 
were mixed with 230 finol template and 10 pmol of each 2S-nt primer in 40 |xl of standard assay 
buffer (see section (d)) and overlayed with parafin oil. the iri»clions m cyded 20 tinvs 

25 between ^O'^C and 60^C in a thermal cycler and kept for 20 sec at each temperature. Triplicate 
aliquots of S \il from each reaction were then applied to wells in strq)tavidin coated 96 well 
microtiter plates (Nunc MaxiSorp) with 45 pi washing buffer (100 mM Tris^HCl pH 8/1 SO 
mM NaCl/0.05% Twccn 20). The plates were incubated for 30 min. at 37*C, washed twice with 
denaturation buffer (10 mM NaOH/0.0S% Tweea 20), oacc more with washing buffer and then 

30 incubated for 30 min. at 37^ with SO pi of a 1:2000 diluted anti-fluorescein-alkaline- 
phosphatase conjugate (Boehringer Mannheim) in washing bufifer. After washing six times with 
washing bufier, 100 pi of fresh substrate sohition (1 nj^ pcr ml pNPP in 10% 
diethano]amine«HCi pH 9.8/0.S6 mM MgC12) were added. The resulting yellow coIcmt was read 
with a micrq)late reader (Fig. 2). 

35 Enxyine Activity At DiffereniT^ 

pUC19 DNA was nicked with DNasel as described by Takahasi et al! (1984). 400 ng nicked 
DNA was incubated with ligase at various temperatures (S*7S°C) for IS minutes in IS pi 
reaction mix containing 20 mM Tris-HCI pH 8, 7S pM NAD+, 10 mM MgC12, 10 mM 
(NH4)2S04, 100 g/ml BSA (acetylated) The reaction mixtures were electrc^horesed 
40 immediately on 0.7 % agarose gel containing SO pg/1 EtdBr. the band pattern in each lane, 
indicate occurrence of ligation (Fig. 3). 
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CLAIMS 

1. An isolated DNA which codes for a recombinant thermostable DNA-Ugase and is 
obtainable fiom Rhodothermus marinxis^ consisting essentially of the nucleotide sequence 
shown in Fig. 1. 

2. DNA sequence according to claim 1, coding for a DNA-ligase which is active in DNA- 
ligation, within a tenqieiature range of about S to 15^C, 

3. DNA sequence according to claim 1 or 2, codii^ for DNA-ligase which is active in DNA- 
ligation, at temperatures below 25^C. 

4. DNA sequence according to claim 1, 2 or 3, coding for DNA-Ugase, having a half life of 
about 7 minutes at Pl^'C 

5. A cloning vector comprisipg one ofthe isolated DNA of claim 1 to 4. 

6 . A host organism of cell transformed by the vector of claim 5 . 

7. A reconbinant thermostable DNA-ligase being active in DNA-Ugaticm, within a 
temperature range about S to 7S^C. 

8. The recombinant thermostable enzyme of claim 7, expressed by the nucleotide sequence 
shown in Fig. 1 and obtained from Rhodothermus marimfs.^^_ . ... . , 

9. The recombinant thermostable enzyme of claim 7 or 8; diaracteri2ed by a half life of about 
7 minutes at 9PC. 

JO. Use of the enzyme accordiiig to <Hie of the claims 7't6 9 in fhe SPEL^ method of primer 
walking and cycle sequencing. ' r 
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